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RESEARCH MEMORANDUM

INVESTIGATION OF ENGINE PERFORMANCE AND HIGH-TEMPERATURE
PROPERTTES OF PRECISION-CAST TURBINE BIADES OF HIGH-CARBON
STELLITE 21 AND CONTROLLED-GRATN-SIZE STELLITE 21

By Charles Yeker, Floyd B. Garrett, and Paul T, Sikora
SUMMARY

An Inyvestigation was comducted to determine the effect of con-
trolled gra.j_n size and Increaged carbon content on engine performance
and high-temperature properties of precilsion-cast Stellite 21 turbine
blades., Blades were cast to result in controlled grain sizes, classed
as fine, medivm, and coarse. Other blades were cast of high-carbon.
Stellite 21, The blades were mounbed in a Timken 16-25-6 rotor and
operated 1n a U, S, Alr Force J33-9 turbojet engine in Z20-minute cycles
consisting of 15 minutes at rated speed and approximately 5.mimites at
idle speed. Iaboratory stress-rupture tests of specimens cut from
blades were coniucted at the stress and tempersture conditlons encount-
ered durlng reted-speed operation in the englme,

The results of the engine test and the laboratory stress-rupture
tests indicated:

1. Fine-grain Steilite 21 blades had a lower life and creep resist-
ance than the medium- and coarse-grain blades, and all three graln size
blades manifested less scatter than the production blades.

2. High-carbon Stellite 21 had higher blade life than the produc-
tion SHellite 21,

INTRODUCT ION

The turbolet engine component operating under the most severe com-
bination of stress and temperstire is the turbine blade. In order to
meet the stress and temperature requirements for the turbine blades, a
numbey of heat-resistant alloys have been developed. The majority of
these| alloys are fabricated Into turbine blades by one of two methods:
forging or precislon casting. Blades made by either method. have found
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wlde application in the Jet englne flelds. TIn order to mpet present and
future demands for turbine-blades, both the forging and the precision
casting facilitles must be utilized, For several years there has been

a definite trend away from the use of preclslon~cast blades 1n turbojet
englines hecause of the wlde scatter of blade performance of the preclsion-
cast alloys, which resulted in umpredictable early fallures in turbojet
engines, : ‘ o ' LT T s :

The Lewls laboratory of the NACA has been conducting an investigs-
tion of the mechanismes of fallure in turbine blades made from cast alloys
and the effects of fabrication variables on the blade performance of
these alloys. As part of thils progrem, preclsion-cast blades of produc-
tion Stellite 21, high-carbon Stellite 21, and fine-, medium-, and
coarge-graln Stellite 21 produced by control of casting temperatures
were mounted in a.Timken 16-25-6 rotor and operated in a TU.S5, Alr Force
J33-9 turboJjet engine, . The test conslisted of a repetition of a
20-minute cycle (15 min at rated speed and approximstely 5 min at idle).
Cyclic operation was employed to simulate acgtusl smervice conditioms.,
The engine was shut down at the close of the. work day or whenever a tur-
bine blade falled, At shut-down Intervals during the engine operation,
the turbine blades were measured to determine the amocunt of blade creep
and were Inspected for damage., The blades were operated to falliure., At
the conclusion of operation, all blade fallures were examined metal-
Jurgically to determine the nature of the fallure and the structural
changes occurring in the blades during operation.

In order to compare the results of the englins tests with laboratory
data, the high-temperature strength of the materlials was determined.
Thig determination was made by stress-rupture testing of specimens cut
from blades., The tests were conducted at the stress and temperature
conditions encountered during rated-spesd operation of the engine.

APPARATUS AND PROCEDURE
Turbine blades, - The blade alloys investigated and thelr chemical

compositlions are listed in table I.  These alloys were precision 8ast
Into turbine blades and glven the followlng heat treatments:

Type of Number of blades| Heat treatment
Stellite 21. in wheel
Production . 6 None
Eigh carbon 6 ' None
Fine grain 4 - {24 hours at 1350° F
Medium grain 9 24 hours at 1350° F
Coarsge grain. 5... . " |24 hours at 1350° F
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Tﬁé controlled-grain-size blades were produced by & varlation of pourling
temperature at a fixed mold temperature. Fabricatlon detalls are glven
in reference 1, All blades were radlographed for flaws.

The Timken alloy rotor was fltted with 52 standard blades and two
blades fitted with thermocouples as described in reference 2. (Part of
the blades in the wheel were for another investigation.) Before engine
operation, the cross-sectional areas of several blades of each type were

'measured on an optlcal comparator, and the stress distributlons along

the airfoll were calculated by the method. described 1n reference 3,

Engine operation. - The blades were operated in a U. S. Ailr Force
J33-9 turbojet engine having & nominal thrust of 4000 pounds and employ-
ing a dual-entry centrifugel compressor. The engine has 14 combustion
chambers. The engine and test instrumentation are described 1n refer-

ence 4. The engine test consisted of a repetition of the cycle shown in

figure 1. During the rated-speed portion of the cycle, the gas tempera-
ture was varied to yileld e temperature of 1475+5° F measured 2 inches

from the base of the” thermocoupled half blade. Thils procedure would result

in a temperature of 150045° F at the midpoint of a full blade (reference 2).

Three blades of each alloy sample were scribed in the manner shown
in figure 2. At shut-down periods during engine operation, measurements
were made of blade creep between these sorlbed marks wilith an optical
extensometer having & reading accuracy of 4+0.0001 lnch, After a
fallure, the blades were examined for damsge resulting from fallure of
blades or of other engins comrponents and the locatlion and mature of the
damage were recorded. All blades were operated to fallure, defined as
either complete blade fracture or evidence of the beginning of fracture,
In order to minimize the damage resulting from blade fracture, the
thickness of the shroud in the engins tall cone surrounding the turbine
wheel was reduced to allow blade fragments to plerce the tall cone
eagily and to be thrown clear of the turbins,

Metallurgical exsmination of blades. - As-recelved and tested blades
were examined to determine eny metallurgicel changes that occurred during
engine operation and the mechanism of the fallure propagation. The exam~
instions were made with standard metallurgical equipment and procedures.

High-temperature strength evaluastions. - Simultaneously with the
engine operations, stress-rupture tests were conducted on specimens cut
from the airfoil sections of blades from the same lots as those
used in the engine test, The shape of the specimen and the zone of the
blade from which it was machined are shown in figure 3. The zone of the
blade from which the specimen was cut was selected to give & maximum
emount of stock for a specimen having the gage section in the mid-
zone (also the failure zone of the airfoil section). The stress-
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rupture tests were all conducted at 1500° F in machines by means of

a loading system which consisted of a simple besm acting through a
system of knife edges. The specimens were heated 1n a resistance-
type furnace. The specimen temperature was controlled untlil there
wag less than a 5° F variation along the length of the specimen, with
the average temperature varying only +3° F

RESULTS
Blade Stregses

Fron .the. results of the determinations.of the cenmtrifugal stress
distributions at rated speed (ll 500 rpm) of test blades, the stress
was determined for each blade sample 2 inches above the base of the
blade (the point of meximum temperature .(reference 5)). The average
values of thils stress for each glloy are listed in. table II. .

Engline Operation

The wheel containing the test blades was operated for a total of.
508 cycles or approximately 127 hours at rated speed.. The test was
concluded at this time because of severe damage to the blades caused
by the Ffaillure of another engine camponent. The complete results of
engine operation are ligted In table III, Fallure time is considered
as the time at rated speed (11,500 rpm) only. Because the temperature
and stress conditions during the ldle portion of the cycle are low,
this time 1s neglected in determining the life of the blades, In fur-
ther evaluations of the results of the englne test, the fallures
resulting from. impact damage will be omitted becauae they are the
result of extreordinary operating conditions and are therefore not
indicetive of the true performance of an alloy.

The results of the blade-~creep msasuremente indlicate that the zone
of maximum creep lay Just above or below the middle of the blade airfoll
section. In gemeral, the sectlon of maximum elongatlion was elither ssc~
tion 3 or 4, the seotions Just below or above the mlddle of the blades.
In figure 4 the creep curves for sections 3 and 4 are plotted for all.
the scribed test blades., The final blade elongatlons in zones 3 and 4

prior to fallure for true blade fallures (not resulting fram damage) are

listed in table IV, TFor purposes of compariéon the values of creep
over zones 3 and 4 were averaged for the scribed blades in each group
amd & qualitative comparison of the blade creep is shown in figure 5.
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Metallurgioal Examinstion '

The results of the metallurglical exsmination are presenbted in
figures 8 to 8, which present the nature of the blade fallures and the
changes in blade structure during operation. The microstructures shown
were Belected to represent the varlous groups of blades, -

The results of the metallurgical examlnations of the blade fallures

indicate that the failures were of the following types:

(1) In figwre 9{a) are shown faillures in which the origin of the
fracture is characterized by an irregular granular surface showing no
evidence of fatigue-type failure, The fracture follows an intercrystal-~
line path and small Intercrystalline cracks are present in the area Just
below the fallure zone. Becaume of the similarity of such fallures to
those encountered in laboratory stress-rupture tests, these fallures
were classed as the sbtress-rupture type.

(2) The fallures of figure 9(b) are characterized by a smooth frac-
ture surface at the failure origin, sometimes showing the familiar con-
centric ring markings of a fatigue failure, These failures follow a
transcrystalline path, In this olass fall the failures that result from
the combined effects of the centrifugal and vibrabory stresses and show
no evidence of initistion of the stress-rupture type of fallure. These
Pallures were classed as the fatigue type.

(3) 1In the failures of figure 9(c), the fracture originated in a
zone similer to that described for the stress-rupture-type fallure, and
then progressed through a zone of the fatigue-type failure. The stress-
rupture origin of these fallures is determined by macroscoplc and micro-
scopic examination of both the initial cracks detected during operation
and the final fracture, These fallures will be classed as the stress-
rupture-followed-by-fatigue type.

The preceding classification of failures refers only to the begin-
ning zones of blade failure. After fra.cture ha.s progressed to a critical
depth by any of the mentioned types of fa.ilure the blades fail in ten-
glon because of the high stresses produced by 'bhe reduced load-~carrying
area, In figure 10, the results of the engine operation are presented
and the type of failure mechanism assoclated with each true blade fallure
ls shown.

The results of the grailn-size measurements of the blades are listed
in table V. Figure 11 presents a qualltative comparison of the three
different grain sizes 1n the controlled-graln-size blades.
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The- results of the change in hardness durlng operation are summarized
in table VI, The hardness befare operation was determined on the remain-
ing pleces of the blades from which the stress-rupture specimens were
machined, The data in table VI indlcate that the high-carbon Stellite 21
is slightly harder than the production alloy in the as-cast condltlon
but increased approximately the geme amount 1in hardness during operation,
The combrolled-grain-size blades In ths preoperation comditlon are all
harder than the production Stellite 21 bladeés by approximately the same
emount, The increased hardnesg 1 due to the precperstion aging treat-_
ment given to the hlades, Durlng operation, the comtrolled-grain-size
blades and the production Stellite 21. blades all increased in hardness
to an epproximately equal value, o :

The results of the stress-rupture tests from blade specimens are
progenbed in figurs 12; also plotted axre the blade fallures as well asg
avellable. data on cast rupture-bar specimens of the various alloys. B

DISCUSSION OF RESULTS

Effect of graln size. - Before the effect. of grain slze on blade
performance 1s discussed, the probable effect of the casting conditlons
on structure should be’ noted - Because the condltions sublect the bledes
to & specific range of temperatures through which the .blades cool at a
gpecific rate, each. aet of casting cormltions of the various grain-size
groups can be considered a8 an Individual heat treatment. Stellite 21
is structurally sensitive to both temperature and cooling rate (refer-.
ences 6 and 7). Although the various blades are specifled by grain sizs,
1t should be remembersad that the heat treatment to secure ths graln silze
of the blade was a contributing factor. in the resulits obtalned,

. The results of the engine operation of the controlled-grain-size
Stellite 21 blades (fig. 10) indicate that the fallure bands are narrower
than the bands for the. production blades. This fact indicates that the
improvement in uniformity of performence im noh necessarily a functilon
of grain size but possibly a funétion of controlling either the casting
conditions or the uniformity of the grain size., The number of blades
tegted in this investigation was too small to make a quantitative com~
parigon. of the effects of controlled-grain-size casting on the emount
of scatter in the fallure band for Stellite 21. .. . .. . . . o

The results of the englne operation of controlled-grain-size
Stellite 21 (table IIT and fig. 10) indicate that fine-grain blades
have shorter lives than coarse- and mﬁdium-grain blaedes, The results
medlum-grain blades, However, since the average lives of coarse and
medium blades are nearly’ the same (fig 10) the difference in strength .
is probably not significant. The data in referemce 1. for cast specimens
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tested in stress rupture at the engine stress and temperature condlitlions
confirm the results of the engins tests. The fine-grain specimens gave
significantly lower lives than coarse and medium specimens, which had
nearly equal sbress-rupture lives,

Because all the controlled-grain-size Stellite 21 blades falled
primarily by stress-rupture mechanisms, the resulte of the englne test
should agree with the laboratory stress-rupture tests. Comparison of
engine results with the laboratory stress-rupbure tests on specimens cub
fram blades (fig. 12) showed that the blade-specimen stress-rupture lives
were shorter than the lives obtalned in the. engine for the blades for all
three grain slizes. This result 1s probably due to the effect of the size
of the specimen used for stress-rupture testing. The results in figure 12
show a closer agreement between blade-~specimen stress-rupture 1life ard
the blade operating life for the flne-grain size than for the coasrse-gralin
size, That 1s, as the mumber of grains per crogs-gection lncreases
(fine grain), the degree of correlatlion between the blade and blade
specimen increases. For blades of large graln size (that 1s, cast blades),
it 1s apparent that an attempted correlation of blade-material rupture
properties and blade 1ife In the enginp by this method will not be
entirely satisfactory.

The results of the creep measurements of the Stellite 21 controlled-
grain-size blades (table IV, figs. 4(a) to 4(c), and fig. 5) indicabe
that the fine-grain blades have lower creep resistance than the coarse
and mediuwm blades, The coarse- and medlum-graln blades showed little
difference 1in creep resistance.

One reason for the lack of signiflcant differences in blade life
and creep resistance for the coarse-~ and medium-graln blades 1s probably
the smsll difference in the grain sizes of the two groups, Both groups
have macroscopic grain sizes, 10 toc 18 grains per blade cross sectlon for
the coarse, and 27 to 51 grains per blade cross section for the medlium.
The fine-grain blades, however, were appreclebly different in grain size
from the medlum and coarse, the average mlcroscoplc size of the fine-
grain blades was from A.S.T.M.-2 to 4, or about 3000 to 12,000 grains per
blade cross section. The results of the metallurglcal examination of the
controlled-grain-size Stellite 21 blades also indicate that the blade
hardnesses of all graln sizes are very nsarly the same before and after
operation (table VI)., The miorostructures of the blades also are similar
in the nature of the phases vislble. Because the controlled-grain-size
blades were similar In structure and hardness, it may then be assumed
that the effect of the structure and hardness on the 1life of the blades
would cancel. out and leave only the grain size as the conbtrolling factor
on blade life,
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Effect of increasing carbon content of Stellite 21, -~ The high-
carbon Stellite 21 contains 0,38 percent carbon as compared with 0,28
percent in normal Stellite 2L. The (O.l0-percent change I1n carbon con-
tent ie the only significant dlfference in the . compositlon of the two
alloys. The results of engline operation of the high-carbon blades
indicate a significant ilmprovement in blade 11fe over the production
Stellite 21 (table IIT and fig. 10). The productionralloy blades had a
life band from about 42 to 82 hours, and the high-cerbon alloy, fram
about 68 to 127 or more hours. The mechanism of blade failure was
the same for both alloys, strese rupture followed by fatigue.

A comparison of—the .creep cutves for the high-carbon and the pro--
duction alloy (figs. 4(3), 4(e), and 5) indicates that within the nor-
mal range .of scatter there 1s litile difference in creep resistance
between the two alloys.

The results of the metallurgical examination of the production and
high-carbon alloy imdicate scme difference 1n preoperatlon (as-cast)
hardness (table VI). The high-carbon blades vere, on the average, 1.3
units on the Rockwell A scale hardsr than the production blades, Both
alloys increased In hardness during operation by the same amount, around
7 units on tha Rockwell A scale (table VI).

There was little differencea :in the precperation atructure of both

alloys (fig. 7(d) and 7(f)), although the high-carbon Stellite 21 does

ghow more preclpitate at the grain boundaries, -  After operation both
alloys show an increass in the amount of graiﬁ?boundary precipitation
(fige. 7(e) and 7(g)); this increase 1s greater for the high-carbon

Stellite 21. Because the preclplitates are carbldes (reference 8), these
changes are as expected., The 1increased operating life of the high-carbon

Stellite 21 blades over the production Stellite Z1 may be. due to the

greater amount of lamellar precipitate of the hilgh-c carbon alloy. Investi-

gation of heat-treated supercharger blades of Stellite 21 (reference 7)
has indiceted that. the highest blade 1ife for this alloy may be associ-
ated with.a _lamellar or plate-like precipltate,

SUMMARY OF RESULTS

Investigation of the engine performance and laboratory stress-

rupture properties of precision-cast turbine blades of the heat- resietant

materials, production, high-carbon, and normal Stellite Zl in three
different graln aizes, indicated: o _ i

1, A1l three grain sizes (produced by comtrol of casting temperature)

had less scatber in blade l1life than the production Stellite 21, Con-~

trolled~-grain-size blade specimens of Stellite.21 had less scatter than

LTl
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the production Stellite 21 or the high-carbon Stellite 21 on the basis
of the laboratory stress-rupture tests. Flne-grain blades of Stellite 21
had lower 1life than the coarse- and medium-grain Stellilte 21 blades,
which had essentially the game blade life. .

2. Fine-graln blades of Stelli'be 21 had lower creep resistance dur-
ing engine operation than the coarse-~ and med.ium—grain 'blades which had
egsentially the same creep resista.nce

3, High-carbon Stellite 21 with an Increased carbon content of 0.10
percent over production Stellite 21 had a significantly higher engine
blade life than the production alloy, The increased carbon content did
not change the creep resistance of the Stellilte 21 blades,

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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- TABLE I - NOMINAT, CHEMICAL COMPOSITION OF PRECISION-CAST ATIOYS

EVALUATED AS TURBINE BLADES

i Alloy C.|Co | Cr | N1 | Mo| Fe| Mn | 51

Stellite 21|0.28{Bal.|27.0|2.75(5.5|{1.0{0.60(0.60

High-carbon -
Stellite 21} .38|Bal.}/27.0]|2.75/5.5/1.0] .50] .50

TL%2

TABLE II -~ AVERAGE CENTRIFUGAL STRESS AT 11,500 rpm IN TURBINE BLADES

AT POINT OF MAXIMUM TEMPERATURE®

.Ty'pe ‘of Stellite 21|Stress (psi)
Production 20,700
High carbon 21,000
Fine grain 20,600
. Medium grain 20,400
Coarse graln 20,100

8puo inches above base of blade,
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8Caused by damage.
bone blade still in operating comdition
after 127 hours at rated speed.
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TABLE IIT - RESULTS OF ENGINE OPERATION OF TURBINE BLADES
Fallure Time. . ' ‘W =
Type Order | Hours at Number of
of of rgted mpeed .|20-mlnute
Stellite 21 |failure|(11,500 rpm)| cycles
Production 1 41.8 . 167.40
2 49,3 197.35
3 52.2 208,95
4 82.3 329,50
High carbon. 1 . 68.4 273.75
28 69.8 279,30
3 75.6 302.65
4 91.1 364,60
5P 108.9 435.70
Fine grain 1 24,9 99,65
2 30.3 121 .45
3 31.0 124,30
4 32.6 130,50
Medium grain| 1 29.4. 117.55
2 33.0 132.35
3 33.6 134,65
4 34.8 139,35
5. 35.1 140.60
& 35.1 140,60
7 36,4 145,60
8 41,3 165,35
9 43,9 175.80
Coarse grain| 1 27.5 110.35
2 34,7 138.95
3 34.8 139,35
4 35.1. 140.60
5 35.1 140.80

TL%2
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TABLE IV - TOTAI. BIADE ELONGATIONS I ZONES OF MAXIMOM

FLONGATION PRIOR TO FAILURE —NACA~

Type of Failure time Elongation
stellite 21 |  (hr) (percent in 1/2 inch)
Section 3&|Section 4P

Production 41.8 1,66 2.1
52,2 3.17 2.8
82,3 3.00 3.3

High carbon 75.6 3.32 4.9
91,1 . 5.60 2.8

Fine graln 30,3 1.83 1.8
31.0 1,70 1.8
32.6 1.80 2.0

Medium grain 33.0 0.70 1.2
35,1 .67 1.0
36.4 .87 1.2

Coarse grain 27.5 0.60 0.5
34,8 .68 .8
35,1 ° .98 .8

a 3 7

lg to lg 1nches from blade base,
b_7 )

lg to 2% inches from blade base,
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TABLE V - RESULTS OF GRAIN-SIZE MEASUREMENTS

Type of - |Fallure Graln size
Stellite 21 time _
(nr) ' A.S.T .M, number
) 8Grains per

cross section|Range Av.

Productlion 41.8 28 —— ——
49.3 29 —— -———

52 -2 ) 52 ’ . - -

82.3 30 -— -

High carbon 68.4 29 -— _——
' 75.6 15 -——— _——
9l.1 23 - -

108.9 a0 —_— _—

Fine grsln 24,9 - 0-4 2
30.3 - 1-5 2

31,0 - 2-5 3

3z.6 -- 3-8 4
Mediwm grain | 29.4 51 —_— ——
33.0 45 N T -——
33.6 42 ] === ———

34.8 43 - ———

35.1 41 | me- _——

35.1 27 . —— -
36,4 32 ——— -

41.3 40 - ——-

43,9 29 - —-———
Coarse grain | 27.5 14 . —— ——
34.7 16 —— _——

34.8 10 ——— -—
35.1 - 14 - —
35,1 18 ——— _—

a -
Cross section immediately below fallure.

TL%2
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TARBLE VI - CHANGE IN HARDNESS DURING ENGINE OPERATION

Type of Average hardness at fallure zone, Ry

Stellite 21

Before opera.tion After operation|Change
Production. . 65.5 7a.7 7.2
High carbon 66.8 73.8 7.0
Fine grain 69.7 72.4 2.7
Medium grain 69.5 73.2 3.7
Coarse grain 69,8 72.6 2.8

15
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bine blade for use in measur-
ing elongation.
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Figure 4. - Cre&p curves of blades during engine operation.
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Figure 5. - Ccrlparison'of averege blade creep.
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(a) Typical fine grain.

Figure 6. - Blade fallures.
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(b) Typical medium grein.

Figure 6. - Continued. Blade failures.
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(¢) Imitial fallure coarse grain, (4) Typical fallure coarse grain.
Figure 6. - Continued. Blade fallures,
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(e) Typical fallure of production Stellite 21.

Figure 6. - Continued. Blade fallires.
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(f) Typicel failure of high-cerbon Stellite 21.

Figure 6. - Concluded. Blade fallurea.
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(e) Structure. of fine-grain Stellite 21 beforxe __ . _ _ _.

operation. Electrolytically etched 1ln S-percent
aqua vegis; X250. . . vt oo e owemei o

(b) Structure of fine-grain Stellite 21 after
operation. BRElectrolytlically etched in S-percent
aqua regia; X250.

RFigure 7. - Typical microstructures.
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(c) Structure of medium-grain Stellite 21 before
operation., Typical also of ococarse-graln Stel-
lite 21 beforeg operation. Electrolytlically
etched in 5-percent aqua regls; X250,

Figure 7. - Continued. Typical microstructures.
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(d4) Structure of production Stellits 21 before
operation, Elec'brolytica].ly etchéd 1 S-percent

agua regla; X250. . _.
- P
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{e) Structure ofproduction Stellite 21 after
operation typical of coarsge amd medium grain
elze also, El.ectrolybica.lly etohed. in S-percent
aqua_regla; X250. 7 T T TITTTITT T

Figure 7. - Continued. Typical microstructures.
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(£) Structure of high-carbon Stellite 21 before
operation. Electrolytically etched in 5-percent
aqua regia; X230.

(g) Structure of high-carbon Stellite 21 after
- operation. Rlectrolytically etched in S-percent
aqua reglia; X250, Noté: Dense precipltation
in grain boundary zone. ’

Filgure 7. - Continued. Typlcal microstructures.
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(h) Prscipitates in. grain boundary zone of high-
carhon Stellite 21 blades before cpefation. |
Blectrolytically etched in 5-percent aqua regia;
X1000. ot T S S B

w
L

(1) Grain boundary zone of high-carbon Stellite 21
showing precipltetes after operatiom. Electro-
lytically etched in 5-psrcent agqua regia; X1000.

Figure 7. - Conclunded. Typloal microgtructures.
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(a) Intercrystalline crack typical of medium-
and coarse-gralin Stellite 21.
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(b) Typical Intercrystalline oracking in fine-
- graln Stellite 21. '

Flgure 8. - Typlcal blade cracke showlng fracture pathe. All epecimens
electrolyticelly etched in 5-percent aqua regia; X100.
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(¢) Intercrystalline stress-rupture crack nucleating
trangcryetalline fatlgus crack as 1s fypical in
producticn and high-carbon Stelllte 21,

Figure 8. - Concluded., Typlcal blade cracks showing fracture peths. All
gpecimens electrolytically etched in S-percent aqua regila; X100,
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(a) Stress rupture.

(b) Fatigue.

TR - Failure origin <A

C.28518
(c) Stress rupture followed by fatigue.

Figure 8. - Types of blade fallure.
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Type of failure

O Stress rupture

¢ TFatigue
O Btress rupture fol-
lowed by fatlgue
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Figure 10. - Results of englne operetiom.
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Meurs 11. - Controlled grain-size blades macrostoned to reveal grain structure.
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Flgure 12. - Uonparison of results of strems-rupture and engine evalnations for Stellite 21,
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